Adenovirus type 5 DNA has low infectivity (Graham & van der Eb, 1973) which can be increased by various techniques, one of which is the dimethyl sulphoxide (DMSO) boost (Stow & Wilkie, I976). In this report, it is shown that DMSO treatment of adenovirus 5 DNA-infected HeLa cells results in a io-fold increase in plaque formation, and that this can be used to facilitate marker rescue experiments. Double DNA infections were performed by the calcium phosphate method, co-precipitating intact temperature-sensitive mutant DNA with purified wild-type DNA restriction endonuclease fragments. Analysis of the plaquing ability of these mixtures and any progeny virus has resulted in the assignment of six temperaturesensitive mutations to discrete physical locations on the adenovirus type 5 genome. These locations are discussed with respect to the mutant phenotypes and the transcription-translation products of the appropriate regions.
INTRODUCTION
The DNAs of several tumour viruses have long been known to be infectious if added to cells in the presence of either DEAE-dextran or calcium phosphate (McCutchan & Pagano, I968; Graham & van der Eb, I973; Graham et al. 1973) . Using the calcium phosphate technique, Graham & van der Eb 0973) reported a specific infectivity of between 5 and 5o p.f.u./#g for adenovirus 5 (Ad 5) DNA. This is very low when compared to the specific infectivities of simian virus 4o (SV 4 o) DNA (Io 6 p.f.u.//~g) and herpes simplex type I (HSV1) DNA (IO z p.f.u.//zg), and has made in vivo genetic manipulation of adenovirus DNAs technically difficult. Sharp et al. 0976) reported that the Ad 5 DNA-protein complex first described by Robinson et al. (I974) , when used in DNA infections, resulted in an increase in plaque-forming ability. The absolute increase over the plaque-forming ability of DNA alone, however, was found to be variable even within the same preparation of complex. Very recently, Jones & Shenk (I978) reported a reproducibly high specific infectivity for adenovirus DNA-protein complex (5 × lO3 p.f.u.//~g).
Stow & Wilkie (I976) described a modification to the calcium phosphate technique, as applied to HSVI DNA infection, which resulted in Ioo-fold increases in specific infectivity. This modification consisted of post-treatment of DNA-infected cells with DMSO, was simple to carry out, and gave reproducible results. This infectivity boost was therefore analysed in the adenovirus DNA infection system with a view to increasing infectivity to such a degree that marker rescue by double DNA infection could be examined. Until now, adenovirus mutants have been mapped genetically by recombination analysis (Williams et ak I974) which gives linear orders but not physical locations of mutations on the genome, or physically by the mapping of cross-over events between mutants of different serotypes, which is a very efficient but lengthy procedure SV4o and polyoma mutants, however, have been mapped by the relatively simple technique of marker rescue in DNA infections (Lai & Nathans, I974; Miller & Fried, I976) . For these two viruses, the marker rescue was facilitated by the circularity of the virus DNA, since partial heteroduplexes between single-stranded mutant DNA and isolated single stranded wild-type restriction enzyme fragments, or complete heteroduplexes between single-stranded mutant DNA, mutant fragments and isolated wild type fragments, were allowed to undergo repair and subsequent replication in the cell.
Since the genomes of adenoviruses are linear, such techniques are less applicable However, as shown by genetic recombination mapping, the double-stranded DNAs of adenoviruses freely recombine in the cell. Since restriction endonucleases can be used to produce a series of discrete double-stranded fragments whose exact physical location on the genome is known (Mulder et al. I974; Sambrook et al. I975; Sussenbach & Kuijk, I977; R. Cortini, personal communication;  and nay own unpublished results), these fragments could be used in double DNA infection experiments to promote marker rescue by doublestranded DNA: DNA recombination.
In this report, the effect of the DMSO boost on the infectivity of Ad 5 DNA and its use in the physical mapping by marker rescue of six temperature-sensitive mutations on the Ad 5 genome are described.
METHODS
Cells. HeLa cells were grown in Dulbecco's modified minimum essential medium (DMEM) containing I o ~ foetal calf serum, penicillin 0oo units/ml) and streptomycin 0oo units/ml). Subconfluent monolayers (2 × Io 6 cells/dish) in 5 ° mm plastic (Flow) Petri dishes were used throughout for DNA infections.
Human KB cells used for production of high titre virus stocks were grown in suspension cultures in Eagle's spinner medium containing 5 ~ horse serum.
Viruses. Adenovirus types 2 and 5 were grown from plaque purified seed stocks, in suspension KB cells infected at a multiplicity of IO to 2o p.f.u./cell. Virus particles were purified from infected cells after 48 h at 37 °C as described by Pettersson & Sambrook 0973) .
Temperature-sensitive mutants were grown in a similar way from seed stocks which were checked regularly for reversion and virus was purified from infected cells after 72 h at 33 °C.
DNA and restriction endonueleases. DNAs from both wild-type and mutant viruses were prepared from purified particles as described by Pettersson & Sambrook (I973) . To minimize DNA degradation all stock buffer solutions were sterilized and phenol was freshly re-distilled. Final dialysis was against Hepes-buffered saline (HeBS), pH 7"o5 (Graham & van der Eb, I973) .
Restriction endonuclease EeoRI was prepared from Escherichia coli strain RY-I3 (Yoshimori, I97t) as described by Gallimore et al. (1974) Agarose-gel electrophoresis and extraction of fragments from gels. Restriction enzyme digests were electrophoresed through 2o cm square slabs of I ~ agarose (Sigma) in E-buffer (0"o4 M-tris, p H 7"8, o'oo5 M-sodium acetate, o.ooI M-EDTA) containing o. 5/zg/ml ethidium J.E. ARRAND bromide. Bromophenol blue (O'I5~o) was added to the samples as a marker. The concentration and purity of separated restriction enzyme fragments was also estimated on such gels. Gels were illuminated from below with short-wave u.v. light and were photographed through an orange filter using Polaroid type 55P/N film.
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DNA digests (200 #g) for the preparation of fragments for marker resue were loaded, with sucrose and bromophenol blue, on to 40 x 20 × 0. 3 cm I ~ gels without ethidium bromide and electrophoresed at 25 mA until the blue marker had travelled 35 cm. The gels were then stained briefly in o'5 #g/ml ethidium bromide and viewed under long-wave u.v. light. The fragments were cut out of the slab gel and were separated from the agarose by a modification of the freeze-squeeze procedure first described by Thuring et al. (1975) . Gel slices were put into 5 ml syringes plugged with Whatman GF/C filters, were frozen at -2o °C for several hours and were then allowed to thaw at room temperature. The liquid from the disintegrated gel was then forced through the GF/C filter, taking the DNA with it. This liquid was then made o-z M in NaC1 and the separated DNA fragments were precipitated for 2 hr at -20 °C with 2 vol. of cold ethanol. The precipitates, recovered by ultracentrifugation, were redissolved in 250 #1 sterile HeBS and their concentration and purity were checked on I ~ agarose gels as previously described, using degree of fluorescence of bound ethidium bromide as an estimate of DNA concentration. Fig. I shows extracted fragments on a gel, at a concentration of o'5 #g each and demonstrates their purity. Recoveries of 50 to 80 ~ were obtained by this method and the DNA was intact and infectious.
DNA infection and boosts. DNA infections were carried out essentially as described by Graham & van der Eb (I973) . DNA samples were adjusted in volume to 0"5 ml with sterile (filtered) HeBS, pH 7"o5, and carrier calf thymus DNA at optimum concentration (see (Fig. 3 ). Twenty-five /,1 of 2"5 M-CaCI~ was then added and a faint calcium phosphate precipitate was seen to form during 2o min incubation at room temperature. HeLa cell monolayers were drained of medium and the calcium phosphate mixtures were reacted with the cells for 2o min before adding back medium. The monolayers + calcium phosphate:DNA precipitates were then incubated at 37 °C (33 °C for mutant DNAs, 38.5 °C for marker rescue mixtures) for 3 to 5 h at which time the medium containing unreacted calcium phosphate was removed and the DMSO boost was applied.
Monolayers, washed once with DMEM+ 5 ~ FCS, were treated with 2 ml 25 ~ DMSO in HeBS for various lengths of time up to 4 min. Longer exposures resulted in the immediate loss of 25 ~ or more of the cell monolayer. The DMSO was removed and the monolayers washed with two changes of DMEM + 5 ~o FCS.
For plaque observation, the monolayers were then overlaid with 5 ml DMEM, containing 0"65 ~o agar, 2 ~ FCS and o-o25 ~-MgCI2. An additional 2 ml of overlay was added every 3 to 4 days. Wild-type plaques appeared at 6 to 8 days at 37 °C; temperature sensitive mutants produced plaques at 9 to I2 days at 33 °C.
For yield experiments, liquid infections were carried out. Instead of using an agar overlay, DMEM+ 5 ~o FCS was added back to the cell monolayers after the boost. Liquid infections were harvested when some plates began to show good cytopathic effect, normally at 4 to 6 days post-infection. The cells were then scraped into the medium using a rubber policeman and the resulting suspension was sonicated and stored at -2o °C. Samples were subsequently assayed for plaque-forming ability. By varying the length of time for which the monolayers were exposed to DMSO at any time post-infection, it can be seen that even a short exposure of I min greatly enhances plaque numbers. A 4 rain exposure is seen to be optimal. Excessive cell death results from longer exposure. By varying the post-infection time at which the boost is carried out, it can be seen that although enhancement is evident at 3 h, maximum enhancement results from treatment 4 to 5 h post-infection.
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RESULTS
Effect of DMSO on Ad 5 DNA infectivity
Similar enhancement of infectivity has been observed for DNA from other adenovirus serotypes (z and 3) and for temperature sensitive mutant DNAs (results not shown). DNA infectivity varied from about 2oo to 5o0 p.f.u./#g between different preparations presumably reflecting the degree of intactness of the DNA. (Note that different DNA preparations were used for the experiments shown in Fig. 2, 3 and 4) . Fig. 3 shows the effect of altering the concentration of carrier (calf thymus) DNA on the infectivity of Ad 5 DNA when the boost is used. It can be seen that the presence of the carrier DNA enhances virus DNA infectivity, the peak of activity being at 2o to 25/~g total DNA per plate. Higher DNA concentrations are inhibitory. Therefore, in routine DNA infections carrier DNA was added to a final DNA concentration of 2o #g/ml. 
Effect of total DNA concentration on Ad 5 DNA infectivity
Ad 5 DNA dose-response curves
The number of plaques per dish obtained with increasing amounts of Ad 5 DNA, with and without the boost is shown in Fig. 4 . Graham & van der Eb (I973) showed that increasing the virus DNA concentration, gave an increased number of plaques up to a final value of Io #g DNA plate. Higher virus DNA concentrations were tested here without the boost (and without carrier DNA) and it can be seen that a plateau is reached at about 20/zg per plate.
Lower virus DNA concentrations in the presence of carrier DNA give a to-fold higher level of infectivity and a plateau level is not attained at these concentrations, It would seem therefore that a small amount of active, plaque producing, virus DNA with an excess of inactive (carrier) DNA produces a relatively efficient DNA infection when boosted.
Optimum conditions for marker rescue
Taking together the information shown in Fig. 2 to 4 it was decided that a suitable set of conditions for marker rescue would be as follows: Io/~g of temperature-sensitive mutant DNA together with the genome equivalent amount of isolated restriction enzyme fragment (i.e. 6/zg for a 6o % fragment) would give a total DNA concentration of to to 2o/zg/plate. This total, although consisting solely of virus DNA, when plated on cells at the restrictive temperature, would produce little, if any, ts + recombinant, plaque-forming DNA. The rest of the inactive, non-recombinant virus DNA would act as carrier together with calf thymus DNA added to a final concentration of 20 #g/ml where small fragments were used. Thus the maximum virus DNA would be used in each experiment, increasing the chances of detection of a ts + wild-type recombinant.
As shown in Table I , rescue by this method produced between ~7 and 54 plaques per plate, each of which must have been initiated by a recombination event to produce a ts + virus DNA molecule. This could then have acted as a helper to complement any remaining ts DNA in the cell. Analysis of plaques (picked at 8 days) or liquid infections, at both the permissive and restrictive temperatures gave an estimate of the percentage of recombinants present in a burst from a plate in which the temperature-sensitive mutation had been rescued by a wild-type fragment.
Control infections with carrier DNA only, mutant DNA and carrier, or fragment and carrier, gave no plaques or few plaques. Non-rescuing fragments plated with mutant DNA gave varying background plaquing values (as shown). This reflected slight cross-contamination between fragments.
The positions of various restriction enzyme cuts on Ad 5 DNA are shown in Fig. 4 . EcoRl, HpaI, HindlII and BgllI give a range of cuts producing fragments with considerable overlaps suitable for a marker rescue study. These fragments were therefore purified and checked for purity and concentration as previously described.
Marker rescue of Ad 5 ts I
Ad 5 ts I, first isolated by Williams et al. 097Q displays abnormal hexon transport at the restrictive temperature (Russell et al. I97z, 1974) and is probably defective in the nonvirion, too K protein. As shown in Table t , this was used in rescue experiments with fragments produced by each of four enzymes. Good rescue was obtained with only one fragment from each enzyme digest. Background levels of plaque production were low for the mutant DNA alone and for non-rescuing fragment:mutant mixtures, reflecting the non-leaky nature of this mutant.
By comparing the map coordinates of the rescuing fragments and looking for common overlaps, the map position of Ad 5 ts 1 can be deduced to be between 7o and 73, in genome percentage units (see Fig. 5 ). This is in agreement with the results of Sambrook et al. (1975) whose recombinant mapping gave limits of 69 and 8o to the mutation.
Marker rescue of Ad 5 ts z8
Ad 5 ts 18 (Williams et al. 1971 ; Russell et al. 1972 ) is mutant in an unknown, or as yet undetected, function. It has been suggested that the mutation lies in a gene for virus products made and/or functioning late in the growth cycle, since normal amounts of major capsid antigens are produced. This mutant also fails to induce interferon in infected chick cells at the restrictive temperature (Ustacelebi & Williams, 1972; Tarodi et al. I977) and mapping data may throw some light on its main defective function. Fragments from three restriction enzyme digests were used successfully in the rescue of this lesion, as shown in Table I . The fragments are relatively large with major overlaps; fragments of HindIII digested DNA have not been successfully used to rescue the mutation.
Limits of 45 to 57 have been put on the position of the ts lesion. As can be seen in Table 2 , transcripts in this region give rise to hexon and protein pVI, but it is not clear which of these is affected by the lesion in ts ~8.
Marker rescue of Ad 5 ts 22
This mutant is defective in the fibre gene (Williams et aL I97I ; Russell et al. 1972 , I974) and it has previously been mapped by Sambrook et al. 0975) who assigned it to map Table I , results with fragments from four restriction enzyme digests, show that the mutation must lie between positions 89 and 96. Although the mutant is not leaky, high background values were obtained with some non-rescuing fragments. This reflects slight contamination with fragments positive for rescue (e.g. contamination of HindlII G with HindIII F which runs very close to a I ~ agarose gel). (I972, 1974) . Further characterization by Wilkie et al. (t973) showed that the mutant was DNA-negative, i.e. it did not replicate its DNA at the restrictive temperature. Williams et al. (1974) reported that this mutant failed to transform rat embryo cells at the restrictive temperature; therefore the lesion would appear to affect two different functions.
In this study, the mutation has been successfully rescued by isolated fragments produced by four restriction endonucleases. High background values were occasionally found with mutant DNA alone and with non-rescuing fragments, but it can be seen that the fragments HpaI C, BgllI B, HindIlI E, and EcoRI A from Ad 5 all rescued at higher than background values. The mutation must therefore lie between map coordinates 9 and 17. (Previous results from Sambrook et aL I975, map the mutation to the left of 3o.) From Table 2 it can be seen that this region codes for three to four proteins, and it is not clear which protein is affected by the lesion in ts 36.
Rescue experiments with the fragments produced by SmaI digestion of Ad 5 DNA (see Fig. 5 ) could further limit the position of this mutation.
Marker rescue with Ad 5 ts 49
This mutant, isolated by Williams et al. (197I) , has proved difficult to characterize. Unpublished data (W. C. Russell, personal communication) shows that this is a leaky, late mutant. At the restrictive temperature late capsid antigens and all recognizable polypeptides are synthesized, but no infectious virus is produced. Sambrook et al (I975), in recombinant analysis, mapped the lesion to the left of position 43.
As seen in Table I , positive results were obtained with fragments from only two restriction enzyme digests. Leakiness of the mutant DNA in the infection at 38. 5 °C prevented conclusive limitation of its position. It has been shown to reside between map units 27"5 and 57. Some of this region, if transcribed at all, is untranslated. Leader mRNA sequences, VA RNA, and part of a long, late message coding for protein IIIa (peripentonal, hexon associated) are transcribed here and the mapping data does not indicate which transcript is affected.
Marker rescue of Ad 5 ts z25 Ad 5 ts I25 was originally isolated and characterized as an early DNA-negative mutant by Ensinger & Ginsberg (i972) . It was later found to have a defect in the 72 K, single-strand DNA-binding protein (van der Vliet et al. I975) . Recently this mutation has been mapped by Grodzicker et al. (t977) to between positions 59 and 7I.
The marker rescue data shown in Table I , agrees with the recombinant data, and limits the position of the lesion to between 63 and 70. Grodzicker et al. (I977) further suggested that ts I25 mapped to the left of another mutation (Ad 2 + NDI ts 4) map coordinates 69 to 7 I, thus giving a final position of 63 to 69 for this mutation.
DISCUSSION
In this paper data are presented which show that the DMSO boost routinely increases the infectivity of Ad 5 DNA by a factor of Io resulting in specific infectivities of up to 5oo p.f.u./#g DNA. The optimum conditions for the application of this boost have been investigated and these conditions have been further used to facilitate marker rescue by mutant DNA: wild-type restriction enzyme fragment recombination.
The mutations mapped have included some which affect early functions of the lytic cycle and some which affect late functions. Several of these mutations, have previously been mapped by restriction enzyme analysis of the DNA of recombinant viruses derived from crosses of these mutants with Ad 2 + NDI temperature sensitive mutants (Sambrook et al. I975; Grodzicker et al. ~977) . This method of mapping is time consuming, but good limits were obtained for the position of three of the mutants used here, namely Ad 5 ts I (69 to 8o), Ad 5 ts 22 (86 to 98) and Ad 5 ts IZ 5 (59 to 7I). No good limits were obtained for Ad 5 ts 36 (left of 3o) or for ts 49 (left of 43) . Obviously for crosses between mutant viruses, recombination events could occur anywhere along the long stretches of DNA separating the lesions and no selection pressure was used to limit the regions in which cross-overs could take place.
The method of using isolated restriction enzyme fragments for producing ts + recombinants reported here severely limits the regions of recombination and thus very accurate position limits for mutations can be, and have been, obtained. From this study Ad 5 ts I has been assigned the very narrow map limits of 7o to 73, thus considerably improving on the previously reported map position (Sambrook et aL I975) . The map limits of Ad 5 ts 22 and Ad 5 ts I25 have also been narrowed. The position ofAd 5 ts 49 has been assigned narrower limits, although the mutation is still not accurately located. Ad 5 ts 36 has"successfully been mapped, and new limits of 9 to I7 have been assigned to the lesion.
As demonstrated in Table 2 , the positions of some of the mutations and their known defects match up with transcription data summarized by Chow et aL I977. Ad 5 ts I, Ad 5 ts 22, and Ad 5 ts x25 are such mutants. They are rescued in some cases by restriction enzyme fragments which do not carry the genetic information necessary for the production of the whole protein, and in such cases complementation by the incoming DNA fragment is ruled out. In one case, however, that of rescue of ts t with Ad 5 EcoRI A, it is possible that the isolated fragment could carry all the information necessary for transcription of mRNA (promoters and leaders) and its translation into protein. This fragment could then, perhaps, function in marker rescue partly by complementation. However, the recombination data seem to rule this out, as lower percentages of recombinants would be expected, but are not found in this case. It would seem that the mechanism of marker rescue in this system is firstly DNA:DNA recombination to produce a wild-type DNA molecule, and secondly, transcription and translation of this wild type to complement non-recombinant mutant molecules.
A prediction of marker rescue by recombination using terminal restriction enzyme fragments, namely that they should produce more recombinants as they require only one cross-over to do so, is not borne out by the results presented here. In fact, the recombination frequencies are remarkably uniform. This may reflect the degree of intactness of the DNA fragments used for rescue; if there are nicks more cross-overs may be necessary to by-pass them.
Two mutants, Ad 5 ts 18 and Ad 5 ts 49 have proved difficult to map by marker rescue. Ad 5 ts i8 has been observed to be rescued only with fairly large DNA fragments. This could be due to the presence of two ts lesions i.e. a double mutation. Also, failure to rescue a mutation with certain fragments from the correct region of the genome may reflect some exonuclease action on the fragments especially if the lesion is located towards one end.
The latter observation may also apply to Ad 5 ts 49 (this is unlikely to be a double mutant as it is leaky). This mutation would appear to map in a region of the genome whose RNA transcripts are mostly untranslated. Further mapping experiments, using, for instance, Ad 5 SmaI fragments may help to narrow the limits of its position (see Fig. 5 ).
Ad 5 ts 36 has proved the most interesting of the mutants mapped in this study. As shown in Table 2 , this mutation could map in one of three or four protein-coding regions. The fact that this lesion affects both DNA replication and virus transformation (Wilkie et aL I973; Williams et al. I974) is interesting, since both these functions are early and yet at least two of the transcripts in this region are late. Ad 5 ts 36 does not map in the minimum region necessary for transformation (i.e. o to 8) as defined by Graham et al. (I974) ; that it should affect transformation is therefore as yet inexplicable.
However, cells transformed with the HindlII G restriction enzyme fragment (o to 8 ~o) of Ad 5 DNA do not display normal transformation i.e. they are contact inhibited to a certain degree, they are more fibroblastic than normal virus transformants, and the virus tumour (T-) antigen is found in the cytoplasm rather than the nucleus (van der Eb et al.
I977; and my own unpublished observations). Cells translbrmed with the Ad 5 ts 36
HindlII G fragment at the restrictive temperature behave exactly as those transformed by the wild-type fragment. Cells transformed at the permissive temperature with the Ad 5 ts 36 EcoRI A fragment display normal, virus-type transformation, but revert to the HindIII G fragment type transformed state when shifted to the restrictive temperature (my own unpublished observations).
Marker rescue experiments with Ad 5 ts 36 DNA and the Ad 5 SrnaI fragments are in progress (see Fig. 5) . Results from such crosses may help to identify the region of the genome and hence the protein affected by the Ad 5 ts 36 lesion.
Improvements, such as the use of the highly infectious DNA-protein complexes of adenoviruses (Jones & Shenk, ~978) , and a wider range of restriction enzyme fragments will undoubtedly increase the efficiency and applicability of this marker rescue system which will continue to be a useful tool for the rapid and accurate mapping of new adenovirus mutations, temperature-sensitive, host-range or deletion, or to analyse adenovirus helper functions. The method of recombination between intact DNA and isolated restriction enzyme fragments could also be used to introduce new mutations into the adenovirus genome.
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